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1. Introduction
The detection of natural estrogens in water has caused in-
creasing concerns over their health impacts on human be-
ings and aquatic ecosystems. 17β-estradiol (E2) is one of 
the strongest natural estrogens based on a yeast estroge-
nicity screening assay (Metcalfe et al., 2001; Rutishauser 
et al., 2004). E2 can cause adverse health impacts on the re-
production system of male fish at a few tens of ng/L (Imai 
et al., 2005; Purdom et al., 1994). Recent surveys in North 
America, Europe, and Asia detected E2 in surface wa-
ter and ground water with concentrations up to 70 ng/L 
(Benotti et al., 2009b; Kim et al., 2007; Labadie and Budz-
inski, 2005; Loos, 2010). In lagoons treating wastewater 
from concentrated animal feeding operations E2 concen-
tration can be as high as 21 μg/L (Hutchins et al., 2007). 
US EPA recently added E2, along with two other natural 
estrogens estrone (E1) and estriol (E3), onto its Contami-
nant Candidate List 3 (EPA, 2011).
Estrogens may be removed from water through physi-
cochemical treatment processes, such as membrane separa-
tion (Benotti et al., 2009a; Cartinella et al., 2006; Yoon et al., 
2007) and advanced oxidation (Hansen et al., 2010; Maniero 
et al., 2008; Shappell et al., 2008). Granular activated carbon 
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Abstract
Estrogenic compounds in drinking water sources pose potential threats to human health. Treatment technol-
ogies are needed to effectively remove these compounds for the production of safe drinking water. In this 
study, GAC adsorption was first tested for its ability to remove a model estrogenic compound, 17β-estradiol 
(E2). Although GAC showed a relatively high adsorption capacity for E2 in isotherm experiments, it ap-
peared to have a long mass transfer zone in a GAC column reactor, causing an early leakage of E2 in the ef-
fluent. With an influent E2 concentration of 20 μg/L, the GAC reactor was able to bring down effluent E2 
to ∼200 ng/L. To further enhance E2 removal, the GAC reactor was converted to a biologically active car-
bon (BAC) reactor by promoting biofilm growth in the reactor. Under optimal operating conditions, the 
BAC reactor had an effluent E2 concentration of ∼50 ng/L. With the empty bed contact times tested, the 
reactor exhibited more robust E2 removal performance under the BAC operation than under the GAC op-
eration. It is noted that estrone (E1), an E2 biodegradation intermediate, was frequently detected in reactor 
effluent during the BAC operation. Results from this study suggested that BAC could be an effective drink-
ing water treatment process for E2 removal and in the meantime E1 accumulation needs to be addressed.
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(GAC) adsorption is also a viable option. The removal ef-
ficiencies of GAC on estrogens have been tested in labora-
tory-scale batch reactors and continuous flow filters, and 
surveyed in full-scale filtration plants (Benotti et al., 2009b; 
Fukuhara et al., 2006; Zhang and Zhou, 2005). Although 
virgin GAC often has high adsorption capacities, the pres-
ence of other constituents in water, such as natural organic 
matter (NOM), could significantly reduce the GAC adsorp-
tion capacity for estrogens (Fukuhara et al., 2006). Fukuhara 
and co-workers showed that the GAC adsorption capacity 
for E2 in river water was about one thousandth of that for 
E2 in pure water. They attributed the reduction in GAC ad-
sorption capacity for E2 to the site competition and pore 
blockage that occurred on GAC surface due to the presence 
of constituents, often at concentrations much higher than 
estrogen concentrations, in river water.
Natural estrogens may also be degraded through mi-
crobial activities. Although microbial degradation of estro-
gens has not been investigated in the context of drinking 
water treatment, studies on wastewater treatment showed 
that activated sludge process could often degrade E2 (Hol-
brook et al., 2002; Kuster et al., 2010; Stanford and Wein-
berg, 2010). Phylogenetic analyses showed that estrogen 
degrading bacteria belong to multiple genera, e.g., Sphin-
gomonas, Aminobacter, and Rhodococcus (Fujii et al., 2002; 
Yoshimoto et al., 2004; Yu et al., 2007). Many E2 degrading 
bacteria can convert E2 to E1, but cannot further degrade 
E1, therefore, E1 is a commonly detected E2 degradation in-
termediate (Yu et al., 2007). One interesting finding is that 
many estrogen degrading bacteria species were isolated 
from nitrifying activated sludge, which led to the specula-
tion that enzymes involved in nitrification may be respon-
sible for estrogen degradation (Shi et al., 2004; Vader et al., 
2000; Yi and Harper, 2007).
Biologically active carbon (BAC) is GAC covered with 
biofilm. The dual mechanism of GAC adsorption and mi-
crobial degradation makes BAC filters a potential treatment 
technology to remove low-level estrogens during drinking 
water treatment. An early study showed that BAC filters 
had better performance of removing intermittently spiked 
E2 in water than did GAC filters (Li et al., 2008). To assess 
their feasibility to treat estrogen-contaminated water, BAC 
filters need to be operated under continuous flow mode 
and be tested for their ability to remove estrogens that are 
constantly present in influent. Besides, the E2 removal effi-
ciency of BAC needs to be systematically tested under var-
ious reactor operating conditions.
The objective of this study was to investigate the feasi-
bility of the BAC process to remove E2 from drinking wa-
ter and to study the impacts of various reactor operating 
conditions on estrogen removal efficiency. The reactor op-
erating conditions included varying nutrient addition and 
adjusting the empty bed contact time (EBCT). The differ-
ence of E2 removal efficiency between GAC and BAC was 
systematically studied. Through the operation of a labo-
ratory-scale reactor system with an extended period, this 
study provides useful information in assessing the feasi-
bility of BAC to remove estrogens from drinking water in 
full-scale systems.
2. Materials and methods
2.1. Chemicals
17β-estradiol, estrone, 17β-estradiol-16, 16, 17-d3 (purity 
≥98%), and derivatization grade N,O-Bis(trimethylsilyl)tri-
fluoroacetamide (BSTFA) containing 1% trimethylchlorosi-
laneacetic (TMCS) acid were purchased from Sigma–Al-
drich (St. Louis, MO). HPLC-grade anhydrous methanol, 
acetone, ethyl acetate, dimethyl formamide, and phenan-
threne were purchased from Fisher Scientific (Pittsburgh, 
PA).
2.2. Adsorption kinetics and isotherm experiments
Calgon Filtrasorb® 400 (F400) coal-based GAC was 
washed with Nanopure water 10 times to remove GAC 
fines prior to use. Dried GAC was either passed through 
a 30 × 40 mesh or ground using an analytical mill and 
sieved through a 200 × 350 mesh (Putz et al., 2005). Both 
GAC and ground GAC were dried at 105 °C for 24 h and 
stored in a sealed glass desiccator until use (Speitel and 
Digiano, 1987).
Adsorption kinetics and isotherm experiments were con-
ducted in pH 7.4 phosphate buffer saline (PBS) in amber 
glass bottles. Estrogen stock solutions in methanol were 
spiked into sterilized PBS to predetermined concentra-
tions. In adsorption kinetics experiments, ∼6 mg of GAC 
or ground GAC was added to each bottle, which had an 
initial E2 concentration of 200 μg/L. Each bottle was tum-
bled at 80 rpm in dark and five 1-mm diameter glass beads 
was added to each bottle to ensure thorough mixing. Ad-
sorption isotherm experiments were conducted for E1 and 
E2 in both single- and dual-solute solutions. The amount 
of estrogen spiked to each 500-mL bottle ranged from 7.5 
to 400 μg. Each bottle contained ∼6 mg ground GAC. For 
each sampling event, 100 mL water sample was centrifuged 
at 5,000 rpm for 15 min to remove activated carbon parti-
cles. 50 mL supernatant was collected and stored at −20 °C 
until analysis.
2.3. Reactor setup
A glass column with a 5 cm inner diameter and a 45 cm 
length was made by ACE Glass (Vineland, NJ) and packed 
with 270 g virgin F400 GAC resulting a 12.2 cm bed depth. 
Water treated by an in-house reverse osmosis (RO) sys-
tem was used to prepare reactor influent. The RO water 
had a pH between 6.9 and 7.2 and a total organic carbon 
(TOC) level fluctuating between 0.4 and 0.8 mg/L. A 48 L 
glass bottle wrapped with aluminum foil was used to store 
water containing E2, while a 200 L polypropylene tank to 
store water containing other constituents in synthetic water 
(Nerenberg et al., 2002). The influent composition is sum-
marized in Table 1. Teflon tubings were used to connect 
components of the reactor system. Different EBCTs were 
achieved by varying the flow rate. The pH values of reactor 
influent and effluent were monitored to be 6.8–7.2 through-
out the experiment.
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2.4. Reactor operations
Before the GAC reactor received E2-containing influent, it 
was initially operated with only RO water until the effluent 
dissolved oxygen (DO) concentration stabilized between 
7.8 and 8.2 mg/L. In the first 178 days of operation (13,174 
bed volumes, or BVs), the GAC reactor was fed an influent 
containing 20 μg/L E2. Although no microbial seeds or ex-
ternal substrates were added to the influent, microbial ac-
tivities developed in the reactor toward the end of this op-
eration period, which was evidenced by visual observation 
of biofilm and verified by the detection of E1 in reactor ef-
fluent on Day 164 (12,602 BVs). Development of microbial 
activities in column tests without intentional seeding is not 
uncommon (Wang et al., 2007).
On Day 178, 3.0 mg/L NH+4 - N along with other nutri-
ents were added to reactor influent (Table 1). NH+4 - N, DO, 
and TOC were measured using a NitraVer® 5 kit (Hach, 
USA), a DO meter (YSI Incorporated, USA), and an Apollo 
9000 TOC analyzer (Teledyne, USA), respectively. On Day 
240, the NH+4 - N was replaced by 4.0 mg/L NH-3 - N to 
better simulate the nitrogen source in natural surface wa-
ter (Mitsch et al., 2005). In the meantime, 5.0 mg-C/L ace-
tic acid was added to reactor influent through a syringe 
pump to simulate the readily biodegradable portion of or-
ganic matters in surface water and to serve as the primary 
energy/carbon source for microbial growth in the reac-
tor. We realized that 5.0 mg-C/L acetic acid was higher 
than the readily biodegradable portion of NOM commonly 
found in natural water. In a fellow-up study (manuscript 
in preparation), we replaced the 5 mg-C/L acetic acid with 
5.0 mg-C/L humic acid, which is a typical concentration 
to simulate NOM in natural water. This design allowed us 
to compare estrogen biodegradation in the presence of en-
ergy/carbon sources with different biodegradability but 
at the same concentration (i.e., 5 mg-C/L acetic acid vs. 
5 mg-C/L humic acid). Backwashing was conducted every 
25–30 days when head loss of the reactor exceeded 1.42 psi 
(measured by a pressure gauge). During backwash, the re-
actor was flushed with a mixture of 50 mL/min water and 
200 mL/min air for 2 min and followed by 50 mL/min wa-
ter for 3 min. Water samples for estrogen measurements 
were collected at least three days after each backwash event 
to allow reactor performance to stabilize.
2.5. Estrogen measurements
Estrogens were quantified in the UNL Water Sciences 
Laboratory. An HP5890 series gas chromatography (GC) 
equipped with a DB-5 capillary column and coupled with 
an Agilent 5972 quadrapole mass spectrometer (MS) was 
used to measure E1, E2, and E3 in water. A published pro-
tocol using BSTFA-TMCS derivatization was adapted 
and optimized for this study (Shareef et al., 2006). Essen-
tially, water samples were spiked with 20 μL of 10 mg/L 
17β-estradiol-16, 16, 17-d3 as an internal standard and 20 μL 
of 10 mg/L phenanthrene as a surrogate, and concentrated 
using a C-18 solid phase extraction (SPE) cartridge (Wa-
ters, USA). After eluted from the SPE cartridges by ethyl 
acetate, extracts were blown dry by nitrogen gas, reconsti-
tuted, and derivatized with 50 μL dimethyl formamide and 
50 μL BSTFA + 1% TMCS at 75 °C for 30 min. Derivatized 
samples were equilibrated to the room temperature and 
transferred to GC vials with 250 μL glass inserts. All sam-
ples were analyzed within 36 h after derivatization. A five-
point standard curve was included in each GC–MS run. 
The method detection limit (MDL) for E1, E2, and E3 was 
determined to be 14.4, 5.8, and 11.4 ng/L, respectively, by 
following a standard procedure (EPA, 1984). The average 
of duplicate measurements was reported for each sample.
3. Results and discussion
3.1. Adsorption kinetics and isotherm
Virgin GAC exhibited slow adsorption kinetics. In the ki-
netics experiments using GAC, E2 concentration continued 
to decrease after 144 h, indicating adsorption equilibrium 
had not been reached (Figure 1). In contrast, in the kinetic 
experiments using ground GAC, adsorption equilibrium 
was reached in less than 82 h. Because the adsorption ca-
pacity of GAC can be approximated using the adsorption 
capacity of the ground GAC of the same carbon (Putz et al., 
2005), ground GAC was used in all subsequent isotherm 
experiments to assess the ultimate adsorption capacity of 
GAC F400 for estrogens.
The adsorption isotherm data can be well explained us-
ing the Freundlich isotherm equations (Figure 2). The R2 
values of the Freundlich isotherm simulation ranged be-
tween 0.91 and 0.99 (Table 2). KF describes adsorption ca-
pacity, while 1/n denotes the abundance of high-energy 
adsorption sites on the activated carbon surface. In the sin-
gle-solute experiments in which either E1 or E2 was the sole 
adsorbate, the KF value for E1 was 65% higher than that of 
E2, while the 1/n values of the two compounds were very 
similar (Table 2). As the primary intermediate of microbial 
Table 1. The composition of the influent to the reactor system.
Chemicala Concentration (mg/L)
E2b 0.02
Na2HPO4 142
KH2PO4 136
NaHCO3 5.1
MgSO4.7H2O 200
CaCl2.2H2O 1
FeSO4.7H2O 1
EDTA 3
ZnSO4.7H2O 1
MnCl2.4H2O 0.3
H3BO3 3
CoCl2.6H2O 0.2
CuCl2.2H2O 0.1
NiCl2.6H2O 0.2
Na2MoO4.2H2O 0.3
NH4Cl–N
c 3
NaNO3–N
d 4
CH3COOH–C
d 5
a. Day 178–Day 348, unless specified otherwise.
b. Day 0–Day 348.
c. Day 178–Day 240.
d. Day 240–Day 348.
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E2 degradation, E1 is expected to coexist with E2 in drink-
ing water sources. In order to examine the adsorption be-
haviors of E1 and E2 in solutions where both compounds 
are present, a dual-solute experiment was conducted. Com-
petitive adsorption was observed. Compared to their coun-
terparts in the single-solute experiments, the KF of E1 in the 
dual-solute experiment decreased by 52% and the KF of E2 
by 73%. The difference between the 1/n values from the 
single- and dual-solute experiments was not statistically 
significant for either compound based on a paired t-test.
The KF values of E1 were higher than those of E2 in both 
the single- and dual-solute experiments, indicating a higher 
GAC adsorption capacity for E1. This finding is consistent 
with a previous study, which concluded that the adsorp-
tion of E1 onto activated carbon was 8% higher than that 
of E2 due to the higher hydrophobicity of E1 (Fukuhara 
et al., 2006). Because E2 and E1 share similar size and mo-
lecular structure and E1 is more hydrophobic than E1, the 
change of Gibbs free energy between free and adsorbed 
forms for E1 is higher than that for E2, leading to higher 
adsorption selectivity and capacity for E1 (Klimenko et al., 
2002). Therefore, it is not surprising that the results in Ta-
ble 2 show that the adsorption capacity for E2 significantly 
decreased in the presence of E1. In order to evaluate E2 re-
moval in continuous flow systems, a laboratory-scale GAC 
reactor was built and operated.
3.2. E2 removal in a GAC reactor
A continuous flow GAC reactor was built in the labora-
tory and fed with RO water containing E2 only. Overall, the 
GAC operation phase was viewed as an abiotic phase, ex-
cept that a low level of E2 biodegradation was observed to-
ward the end of the GAC phase. The influent E2 concentra-
tion was monitored periodically and appeared to be stable 
at 20 ± 3 μg/L. E2 in the effluent was first observed above 
the MDL after only 1,819 BVs (or 15 days, Figure 3 mid-
dle panel). In the next 10,159 BVs (or 163 days), a series of 
EBCTs (48, 30, 20, 16, and 4.8 min) were tested by adjust-
ing the surface loading rate to 2.6, 4.1, 6.1, 7.6 and 25.5 L/
m2-min (Figure 3 top panel). After each change in EBCT, at 
least 396 BVs of water passed through the reactor before an 
effluent water sample was collected. Effluent E2 concentra-
tions appeared to be responding to the EBCT changes. Their 
values increased from 0.63, to 2.2, 2.72, 4.38 and 6.48 μg/L, 
corresponding to the five EBCTs tested (i.e., 48, 30, 20, 16, 
and 4.8 min). No change in effluent DO was observed dur-
ing the GAC operation phase (Figure 3 bottom panel).
Given that the F400 GAC has a relatively high adsorp-
tion capacity for E2 at the concentration range tested, the 
early leakage of E2 in the effluent was likely due to a shal-
low mass transfer zone (MTZ). For a shallow MTZ, its ini-
tial portion often leaves a GAC column relatively quickly. 
Several studies reported that for contaminants at low levels 
(i.e. at low ng/L level) the mass transfer in external film dif-
fusion is often the time limiting step, as the surface diffusion 
is often fast (Wolborska, 1999; Yu et al., 2009). Therefore, the 
shallow MTZ in this study likely resulted from the low ex-
ternal film diffusion of E2 under the experimental condition. 
Natural organic matter (NOM) in water sources could fur-
ther slow external film diffusion (Yu et al., 2009), hence, it is 
plausible to expect an early breakthrough of E2 in a full-scale 
GAC filter with the presence of NOM. Given that an E2 con-
centration as low as 16 ng/L could cause negative ecological 
impacts, such as feminization of male fish (Imai et al., 2005), 
likely GAC adsorption alone will not be sufficient to keep ef-
fluent E2 level at a safety level under continuous operation.
3.3. Ammonium-stimulated microbial E2 degradation
The addition of ammonium to the GAC reactor starting on 
Day 178 promoted microbial growth and stimulated micro-
bial E2 degradation. Toward the end of 178 days of GAC 
operation, microbial activities developed inside the reac-
tor, which was evidenced by the emergence of a microbial 
E2 degradation intermediate, E1, in reactor effluent. Be-
cause the reactor had never been intentionally seeded, the 
microbes in the reactor were likely introduced from the in-
house RO water, which was used to make the reactor influ-
ent, during the extended period of operation. In addition, 
Figure 1. E2 adsorption kinetics of virgin GAC and virgin 
ground GAC.
Figure 2. E1 and E2 adsorption isotherms of ground GAC in 
single- and dual-solute (i.e., E1 + E2) solutions.
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TOC was detected in the in-house RO water at low levels 
and was likely used as a substrate by the microbes in the re-
actor toward the end of the 178 days of operation. Previous 
studies showed that ammonia oxidizing bacteria in pure 
and mixed cultures were capable of degrading E2, e.g., Ni-
trosomonas europea could biodegrade E2 and E1 (Shi et al., 
2004). Hence, on day 178, 3.0 mg/L NH+4 - N was pumped 
into the reactor influent to stimulate the growth of ammo-
nia oxidizing bacteria.
Two distinct phases were observed in reactor perfor-
mance after ammonium was added to the reactor and the 
GAC reactor was converted to a BAC reactor. In Phase 
1 (Figure 4, Day 178–183) effluent E1 concentration in-
creased from below the MDL to a peak value of 250 ng/L. 
Concurrently, effluent TOC decreased from 0.3 mg-C/L 
to 0.1 mg-C/L, effluent DO decreased from 7.8 mg/L to 
3.7 mg/L, and effluent NH+4 - N increased to 0.8 mg/L be-
fore it fell back. In Phase 2 (Figure 4, Day 183–240), effluent 
E2 and E1 concentrations dropped to below their respective 
MDLs. In the meantime, effluent NH+4 - N remained below 
its MDL, and effluent DO and TOC stabilized at 3.5 mg/L 
and 0.2 mg/L, respectively. During this phase, ammonium 
in the reactor might be consumed by the microbial com-
munity as a nitrogen source, be utilized as an electron do-
nor in nitrification, and/or be adsorbed onto GAC surface 
(Hussain et al., 2007).
The effluent profiles during the transition from GAC to 
BAC suggest some important characteristics of the estro-
gen degrading populations in the reactor. Given that the 
RO water used to make the reactor influent did not con-
tain detectable levels of estrogens, the fact that the bacte-
ria originated from the in-house system accumulated in the 
BAC reactor and degraded estrogens suggests that bacteria 
in a system that has not been previously exposed to estro-
gens may process the enzymes related to estrogen degra-
dation. In addition, the decrease of effluent E2 in Phase 1 
suggests that E2 degrading bacteria were being enriched 
in the BAC reactor. The increase of effluent E1 in Phase 1 
suggests a lack of E1 degrading bacteria in the reactor upon 
the start of the BAC process. Prior to the addition of am-
monium, heterotrophic aerobes in the reactor used influ-
ent TOC as an electron donor, but their activity levels were 
limited due to the lack of nutrients. After Day 178, the het-
erotrophic aerobes used NH+4 - N as a nitrogen source and 
consumed more TOC (Figure 4).
The decreases of effluent E1 and E2 in Phase 2 suggest 
that E2 and E1 degrading bacteria were gradually accumu-
lated in the BAC reactor. The overlap of the effluent E1 and 
E2 profiles in Phase 2 indicates two possibilities: (1) bacte-
ria capable of degrading both E2 and E1 accumulated in 
the reactor, or (2) separate E2 and E1 degrading bacterial 
populations accumulated in the reactor at the same rate. 
Results in the next section support the second possibility.
3.4. BAC operation with acetic acid and nitrate
To better simulate surface water composition, on Day 240 
4.0 mg/L NH-3 - N was added to replace 3.0 mg/L NH+4 - N 
as the nitrogen source. 5.0 mg-C/L acetic acid was added to 
reactor influent to simulate the readily-biodegradable por-
tion of organic matters in natural water and to serve as an 
energy/carbon source for microbial growth in the reactor 
(Figure 5). In Phase 3, the reactor was operated with a 30-
min EBCT. The effluent E2 concentration was either close to 
or below the MDL, whereas E1 started to increase soon af-
ter the change in influent composition. Upon the start of the 
Figure 3. Effects of the EBCT on 
effluent E2 and DO concentrations of 
the GAC reactor. The influent E2 and 
DO concentrations were 20 μg/L and 
∼8 mg/L, respectively.
Table 2. Freundlich isotherm parameters in single-solute and mixed-solute solutions.
Freundlich parameter       E1    E2
 Single-solute Dual-solute Single-solute Dual-solute
KF (ng/mg) (L/ng)1/n 29.84 14.22  18.06  4.78
1/n (dimensionless) 0.77 0.78  0.77  0.84
R2 0.99 0.97  0.97  0.91
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Figure 4. BAC reactor performance upon the addition of NH+4 into the reactor influent. 30 min EBCT was applied.
Figure 5. Performance of the BAC reactor after the influent was switched to synthetic surface water, in which acetic acid and nitrate 
were used to simulate the carbon/energy and nitrogen sources, respectively.
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change in influent composition, the BAC reactor consumed 
the majority of the influent TOC (primarily acetic acid) and 
DO. At the end of Phase 3 the effluent parameters appeared 
to reach quasi-steady state. In Phase 4 through 6, the EBCT 
was decreased from 48 to 25 and then to 20 min. Each time 
the EBCT was decreased, the effluent DO increased and 
then dropped back down to near 2 mg/L. During these 
three phases, the effluent E2 concentration was not sub-
stantially impacted by the decreasing EBCTs, while the ef-
fluent E1 concentration increased with decreasing EBCTs. 
No pronounced differences were observed in the effluent 
DO or TOC profiles across the three phases. No shorter 
EBCTs were tested due to the concern over increasing ef-
fluent E1 concentration. EBCT was switched back to 30 min 
in Phase 7.
The results in Figure 5 have implications to estrogen re-
moval in full-scale treatment systems. After the change in 
influent composition, effluent E1 started to increase while 
effluent E2 was not significantly affected, suggesting that 
the two compounds were degraded by two separate mi-
crobial populations. Furthermore, the E1 degradation car-
ried out by the E1 degrading population seemed to rely on 
the presence of ammonium. In addition, compared to the 
difference in response to the change in influent composi-
tion (Phase 3), the differences in response of E1 and E2 deg-
radations to decreasing EBCTs seemed more pronounced 
(Phases 4–6). This result is consistent with previous stud-
ies that suggested E1 degradation was the time limiting 
step during E2 biodegradation (Weber et al., 2005; Yu et al., 
2007). The results in Figure 5 indicate that the presence of 
ammonium and sufficient contact time might be critical in 
achieving E1 degradation.
3.5. Comparison between GAC and BAC
BAC showed a superior E2 removal performance than GAC 
for all the EBCTs tested, primarily due to microbial degra-
dation. E2 removal data from the GAC and the BAC oper-
ations were plotted against EBCTs in Figure 6. The removal 
data were calculated using effluent estrogen concentrations 
at quasi-steady state of each operation phase where the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
variations of effluent concentrations were within 6%. Com-
plete E2 removal (Ce/Ci = 0) was achieved during the BAC 
treatment with all the EBCTs tested. As a comparison, the 
Ce/Ci ratio of E2 during the GAC treatment increased from 
0.04 to 0.32 as EBCT decreased from 48 to 4.8 min. Assum-
ing no mass transfer limitations and no desorption of E2, it 
was estimated that only 1% of the total adsorption capac-
ity of the activated carbon bed was consumed with the 348 
days of operation (Figure S1). This calculation shows that 
the carbon adsorption capacity during the BAC operation 
phase was comparable to that during the GAC operation 
phase, suggesting that the difference in estrogen removal 
between the two phases was primarily due to microbial 
degradation. In addition, adsorption of estrogens to bio-
film through hydrophobic interactions might also contrib-
ute to E2 removal during BAC operation. Adsorption of E2 
to biomass was demonstrated in an activated sludge study, 
in which the adsorption could reach equilibrium within 
10 min and the adsorption capacity was considered mod-
erate at low estrogen concentrations (Ren et al., 2007).
While E2 was completely removed, E1 appeared in ef-
fluent during BAC operation. Complete E1 removal was 
only achieved when NH+4 was added to the reactor. Af-
ter NH+4 was replaced with NH-3 , effluent E1 stabilized be-
tween 35 and 40 ng/L when EBCTs were set between 25 
and 48 min. Our previous study showed that changes in 
nutrient conditions could affect the structure and function 
of the microbial community of a bioreactor (Li et al., 2010). 
Hence, it is expected that the change in nitrogen source af-
fected the microbial community in the BAC reactor. Indeed, 
in another study, we observed that E1 degrading bacteria 
were outcompeted in the reactor after NH+4 was replaced 
by NH-3 (manuscript in preparation). Because the estrogenic 
potency of E1 was 14% of that of E2 (Metcalfe et al., 2001), 
the overall estrogenicity of the water decreased. This study 
indicated that further optimizations of BAC reactors to re-
move estrogens should be focused on promoting the abun-
dance and activities of E1 degrading bacteria.
4. Conclusions
The present study investigated the E2 and E1 adsorption 
characteristics on GAC and evaluated the removal and E2 
and E1 in a continuously operated GAC reactor, which was 
later converted to a BAC reactor. The main conclusions are 
as follows:
1 The adsorption isotherm experiment showed that the GAC 
had a higher adsorption capacity for E1 than for E2, and 
revealed competitive adsorption between E1 and E2.
2 Early E2 leakage in reactor effluent occurred during the 
continuous operation of a GAC reactor. E2 removal in 
the GAC reactor benefited from longer EBCTs, however, 
complete E2 removal could not be achieved at even the 
longest EBCT tested (i.e., 48 min).
3 Ammonium addition enhanced biological activities and 
resulted in complete E1 and E2 removals in about 50 
days.
4 When ammonium was replaced by nitrate and acetic 
acid was used to simulate the natural organic matters 
Figure 6. Estrogen removal efficacies of GAC and BAC (Phases 
3–7) as a function of EBCT. Ce and Ci represent the effluent and 
influent E2 concentrations, respectively.
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in influent water, microbial E2 degradation was not af-
fected, whereas microbial E1 degradation was adversely 
affected.
5 When the EBCT was decreased, microbial E2 degradation 
was not affected in the BAC reactor, while microbial E1 
degradation was deteriorated.
6 BAC showed superior performance to GAC in removing 
estrogenicity from water. Future efforts in reactor opti-
mization should be focused on improvement of micro-
bial E1 degradation.
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 Figure S1.  Assuming no mass transfer limitations, no desorption, and biodegradation, the 
adsorption capacity usage of the activated carbon bed was less than 1% throughout the 
GAC and BAC operation phases. 
  
 Figure S2.  Effluent nitrate and nitrite concentration profiles during Phases 3 - 7 of the 
BAC operation.  
 
